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Introduction
The determination of product state resolved differential cross sections (DCSs) provides a unique insight into the dynamics of bimolecular chemical reactions [1] .
Intuitively, the simplest method for measuring DCSs is to cross two molecular beams of reagents in space and measure reaction-product fluxes as a function of scattering angle. Experimentally, the measurement of state resolved DCSs in this way is challenging because of low signal levels, which are a consequence of small reaction cross sections and the need to resolve products flying into a small solid angle subtended by a (rotatable) detector. Dilution of the quantum-state resolved signals by formation of products in multiple quantum states is particularly pronounced for reactions involving polyatomic molecules because many product states may be populated. Multiplexing methods such as velocity map imaging (VMI) that detect flux into all scattering angles simultaneously are clearly advantageous, but it is only relatively recently that crossed-beam experiments in conjunction with VMI techniques and state-specific detection have been possible for polyatomic molecule reactions. Thus, only a few systems have been studied in this way, including reactions of Cl, F and O atoms with alkanes (most notably methane) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and the F atom reaction with silane [18] . Experimental strategies that have been developed to overcome the problem of low signal levels include single-beam co-expansion (commonly referred to as PHOTOLOC) and dual-beam techniques; both methods employ a photoinitiation step in which photodissociation of a precursor molecule AX starts the following reaction sequence:
A + BC → AB + C
In co-expansion experiments, both AX and BC molecular species are entrained within a single molecular beam, which has the advantage of producing much higher product number densities than experiments using crossed molecular beams. Zare and coworkers [19] and Brouard and coworkers [20] were instrumental in the development and application of these PHOTOLOC experiments, so-called because in the photoinitiated scheme, the product lab frame speed distribution P(v) can be related to the centre-of-mass (CM) frame angular scattering distribution (which is proportional to the DCS) by a simple law of cosines relationship Direct inversion of the P(v) distribution to obtain the DCS only applies unambiguously for reactions where the undetected co-product (C in reaction (2)) is an atom formed with a single well-defined internal energy. In polyatomic reactions, multiple internal energy states of the radical or molecular co-product are usually populated and direct data inversion either requires the assumption that the internal energy is zero [21] , or an average value is deduced from analysis that incorporates the lab frame anisotropy [22] . Any assumptions made about the internal energy will have an effect on the returned DCS, with the tendency to overestimate the sideways scattered component [23] . Alternative analysis procedures include fitting basis functions to the experimental data, such as in the Legendre moment (LM) method developed by Brouard and coworkers, which has the advantage of allowing for a distribution of internal energies of the co-product [23] [24] [25] .
The method referred to here as dual-beam is a special case of a crossed-beam experiment. The technique was developed by Welge and coworkers to study isotopic variants of the H+H 2 hydrogen exchange reaction in combination with Rydberg tagging of the H atom products [26] . The experimental set-up used in the work reported here is described in detail below, but in summary consists of two parallel molecular beams, one containing the species AX and the other the co-reactant BC.
Photodissociation of AX creates A atoms or radicals, some small proportion of which travels in the correct direction to intersect the second molecular beam in a configuration which is similar to a true crossed-beam experiment. The crossing of the two sets of reagents can, however, take place closer to the gas nozzles in higher density regions of the molecular beam. Variants of this technique have been used for high kinetic energy resolution studies of the O( 1 D)+H 2 reaction by Yang and coworkers [27] , and were first used in combination with ion imaging detection for the study of the H+D 2 reaction by Kitsopoulos et al. [28] . More recently, the dual-beam and VMI approach has been used to study O + alkane reactions [29] , the H + CD 4 reaction [30] (albeit with a skimmer to select a velocity subset of the photolytically generated H atoms) and Cl + RH (RH = ethane, methanol dimethyl ether, and methyl halides) reactions [31] [32] [33] . In both dual-and crossed-beam experiments the reaction volume is, in general, large compared to the detection volume (defined by the focus of the probe laser beam) and careful checks are required to investigate possible biases introduced by velocity-dependent density-to-flux conversions. The transformation from the lab to CM frame is greatly simplified for the dual beam arrangement compared to single-beam co-expansion experiments, and assumptions about the internal energy of the co-fragment are not generally required, allowing the full speeddependent DCS to be determined.
The reaction between chlorine atoms and methane has become a benchmark for developing an understanding of the dynamics of reactions of polyatomic molecules;
the reaction has proven to be well-suited for examination of the effects of collision energy, vibrational energy, vibrational mode excitation, and bond-selectivity for the abstracted atom, and the nonadiabatic reactivity of spin-orbit excited chlorine atoms.
Pioneering studies by Zare and coworkers [34] were the first to show that excitation of vibrational modes of methane gives rise to an enhancement in reactivity compared to reaction of the vibrational ground state. Subsequent studies, with selective stretch excitation of single bonds, have confirmed these observations and shown that the stretch-excited bond breaks selectively, with the remaining methyl fragment acting as a spectator [35] [36] [37] [38] [39] . Recent, state-of-the-art experiments by Liu and coworkers using crossed molecular beams and VMI have shown that vibrational excitation is actually no better at enhancing reactivity than an equivalent amount of translational energy [9] . We sought information on the electronically adiabatic and non-adiabatic dynamics by taking a different approach in which we studied the reverse CH 3 (CD 3 ) + HCl → CH 4 (CD 3 H) + Cl reaction [40, 42, 44] , with CH 3 (CD 3 ) generated by the photolysis of CH 3 I (CD 3 I) at 266 nm. The Cl( 2 P J ) atom products of reaction under single-beam co-expansion conditions were probed quantum-state specifically and we investigated the adiabatic and non-adiabatic pathways producing Cl( 2 P 3/2 ) and
Cl*( 2 P 1/2 ), respectively. The results for reaction at a mean collision energy of 22.3 kJ mol -1 were analysed using both PHOTOLOC [19, 20] and LM [23] analysis methods and showed forwards scattered DCSs with an average internal excitation of methane corresponding to a fraction that is ~0.40 of the total available energy. 15±2.4%
branching into the nonadiabatic Cl* product was observed for the reaction of CH 3 radicals, compared to 20±3% for the reaction of CD 3 , and there is evidence that Cl* formation is favoured for the fastest CH 3 (CD 3 ) fragments from the photodissociation step.
Despite the availability of different experimental techniques to measure DCSs for bimolecular reactions, there have been only a few studies which compare the outcomes of measurements made using the different techniques. In this paper, we first describe the modifications to our experimental setup to enable measurements using the dual beam technique, and then present the first results from this configuration for the CH 3 (CD 3 ) + HCl reaction. We focus on the Cl( 2 P 3/2 ) (adiabatic) reaction products and compare our results to previous measurements made using single-beam co-expansion methods, and analysed using the PHOTOLOC and LM fitting methods.
Experimental
Experiments were carried out using a velocity map imaging spectrometer, shown in figure 1, which has been configured for DC slice imaging [41] . This experimental set-up has been used previously for single-beam co-expansion experiments and the main features have been described in detail elsewhere [22, 44] . Here we focus on recent modifications to the gas entry and image acquisition components required for dual beam imaging. To check for systematic errors in the dual beam method, we performed experiments on the Cl + C 2 H 6 → HCl + C 2 H 5 reaction, initiated by the photodissociation of Cl 2 at 355 nm, and compared our results from REMPI detection of HCl to the crossed-beam experiments of Suits and coworkers [3] . These experiments did not require use of the beam block described above. The translational energy distributions we observed are in good agreement with those from the crossed beam experiments, but are somewhat broadened, primarily as a result of a wider distribution of collision energies in our experiments. Figure 2 shows a representative image from our apparatus, and the CM frame angular scattering distribution derived from it. Comparison with the crossedbeam data demonstrates that we under-detect products that are scattered downward in the lab frame (in this case, backwards scattered products in the CM frame, whose velocities oppose the velocity of the centre of mass). This bias could not be eliminated by variation of the experimental parameters, and we therefore instead derived an angular correction factor for our experiment by dividing the angular distribution from the crossed-beam experiments by that obtained from our dual-beam measurements.
This experimentally derived correction factor can be applied to the results of other reactive scattering experiments as a multiplicative factor which accounts for the observed systematic under-detection of the downwards (lab frame) scattered products.
The validity and robustness of this correction procedure are tested in the data analysis presented later. Reasons for the need to introduce the angular correction factor were explored by extensive Monte Carlo (MC) simulations as described in the next section. should be noted that the angular coordinate system is reversed on going from the Cl + C 2 H 6 reaction, to the CH 3 + HCl reaction, as in the former the abstraction product (HCl) is detected and in the latter the spectator product (Cl) is imaged. reagent. An initial analysis procedure therefore assumes this single centre to the image and is used for a first estimate of the form of the velocity distributions for all reaction products. In this analysis, the velocity distribution is obtained for scattering angles between 150 and 180 degrees where, as the Newton diagram in figure 4 shows, there is good separation between the speeds of products from fast and slow CH 3 reactions. The velocity distribution of the Cl atom products from the CH 3 +HCl reaction fits well to a pair of Gaussian functions, as shown in figure 5 ; these functions are centred at 775 ± 10 ms -1 , with a width of 430 ± 30 ms -1 , and 1305 ms -1 ± 50 ms -1 , with a width of 420 ± 90 ms -1 , and can be assigned to reaction of the slow and fast methyl radicals, respectively, in accord with the energetic cut-offs in speed indicated in figure 5 for the two channels. From the integrated areas of the Gaussian functions, and the known branching between I* and I channels in CH 3 I photodissociation at 266 nm, the relative reactivity of the lower to the higher collision energy channels is determined to be 1.4 ± 0.4 for the Cl products formed in the backwards scattered direction. It should be noted that this simplified analysis biases against fast products, but the effect of this bias is estimated to be less than the reported error in the branching ratio.
Monte Carlo simulation of the experiment

Results and discussion
To accommodate the effect of two CM velocities in the Newton diagram and the velocity map images in a more sophisticated analysis, the extraction of angular scattering and speed distributions for both channels was carried out by a computational forwards simulation of the images, including contribution from both fast and slow channels using assumed, but adjustable forms of the speed distributions and the angular scattering. The contributions of the channels are initially weighted according to the branching ratio for the formation of fast and slow CH 3 (CD 3 ) in the photodissociation step, but then allow further variation to account for possible differences between the reactivity of the fast and slow methyl radicals. The product speed distributions are assumed to be Gaussian functions, with an initial guess for the centres and widths derived from the preliminary analysis described above. We assume identical angular scattering for the reaction of fast and slow methyl radicals, which is supported by the outcomes of previous, single-beam co-expansion experiments. These earlier experiments showed that, within experimental error, the differential cross sections for Cl and Cl* products were the same, and the latter products were argued to be favoured by reaction of the fastest CH 3 radicals while the former were produced by the reaction of both fast and slow CH 3 radicals [44, 22] . A simulated image that best matches the experimental data is determined by manually varying the centres and widths of the velocity distributions, the angular scattering distribution and relative contribution of the fast and slow channels, and comparing with the experimental image by calculation of the residual differences between the two.
The best simulated images from the results of this procedure are displayed in figure 4 .
To constrain the number of parameters used to generate the simulated images, the angular scattering distribution was chosen to be a linear function of angle with a variable gradient, before application of the experimentally derived correction factor described in section 2. This choice necessarily limits the angular resolution of the experiment but is sufficient to reproduce the main features of the images. The
Gaussian speed distributions obtained from this image analysis for the Cl products of the reaction of CH 3 with HCl are centred at 770 ms -1 , with a width of 450 ms -1 , for the slow methyl channel and at 990 ms -1 , with a width of 500 ms -1 , for the fast channel.
The ratio for Cl products from the slow and fast CH 3 radicals is 3.2 : 1, and correction for the photolytic branching ratio gives a ratio of the reactivity of 1.5 : 1. Varying the product speed parameters for the slow channel by ~25 ms -1 , the fast channel by ~50 ms -1 and the weighting of the channels by ~15% does not significantly alter the quality of the simulation. The best simulation of the product image of the reaction of CD 3 with HCl is obtained with Cl speed distributions described by Gaussians centred at 780 ms -1 , with width 490 ms -1 for the slow methyl channel and 1000 ms -1 , with width 550 ms -1 , for the fast channel. Changing the Gaussian centre speeds for the slow channel by ~25 ms -1 and the fast channel by ~100 ms -1 again does not significantly alter the agreement between simulation and experiment. The greater uncertainty in the speed distribution for products of the fast methyl radical reaction channel is a consequence of the lower signal levels in the experiments. The ratio of Cl products from reaction of slow and fast CD 3 radicals is ~11: 1, indicating a relative reactivity (corrected for the photolytic branching) of 2.5: 1 for the CD 3 + HCl reaction, but the low signal levels mean that the uncertainty in this value is high.
While the assumptions made in the simulation procedure, particularly the separability of the speed and angular distributions of products, and the angular scattering being independent of collision energy, result in satisfactory simulations of the experimental images, we cannot be certain that the outcomes of the analysis reported above provide a unique answer. We are limited by the number of parameters required to describe the speed and angular distributions for two overlapping sets of Newton spheres with displaced CM velocities, the loss of information in the forwards scattering direction for Cl atoms because of the presence of the beam block, likely depletion of products scattered in the downward direction in the lab, and low signal levels. We are thus unable to carry out more systematic fits of the images to basis functions describing the speed and angular scattering distributions. Deductions about the relative reactivity of the fast and slow CH 3 (CD 3 ) fragments rely on the quality of the simulations in the backwards scattered direction (the upper hemisphere of the images) and the assumption that the DCSs are the same for both collision energy regimes. By considering a line-of centres model for the CH 3 + HCl reaction, we might expect the DCS to become more strongly forwards scattered as the collision energy increases, thus the derived apparent enhancement in the reactivity of the slow CH 3 (CD 3 ) fragments is more likely to be over than under-estimated. For both sets of reagent speeds, however, the collision energy is well in excess of the barrier height, so this effect is anticipated to be small. The DCSs and distribution of translational energy release, expressed as a fraction f t of the total available energy, derived from the angular and speed distributions used for the image simulations for CH 3 suggesting an enhanced reactivity compared to the fast methyl fragments by a factor of ~1.5 (when the photolytic branching of CH 3 I to slow and fast CH 3 radicals is allowed for). Previous co-expansion experiments have shown that there is a 15% branching into the non-adiabatic Cl*( 2 P 1/2 ) channel, however, and there is evidence that this non-adiabatic pathway is favoured by the reaction of the faster subset of methyl fragments [22, 42] . The photolytic production of this fast subset from the photolysis of CH 3 I at 266 nm occurs with a branching ratio of 0.32. In the limit that non-adiabatic reaction to Cl* occurs solely via the reaction of the faster methyl reagents, an assumption of equal total reaction probabilities with HCl for slow and fast CH 3 radicals would predict that the former should account for 80% of the groundstate Cl products. A second limiting case model can be postulated which assumes no dependence of the probability of the non-adiabatic reaction on the speed of the CH 3 fragments: an equal total reaction probability for fast and slow CH 3 radicals would result then in 68% of the observed Cl atoms coming from the slow CH 3 radicals. This fraction is dictated solely by the branching into slow and fast CH 3 channels in the photoinitiation step. These two simplified models can also be tested using the CD 3 +HCl data. The 266 nm photolysis of CD 3 I produces 81% slow CD 3 and 19% fast CD 3 , and non-adiabatic dynamics of the reaction with HCl to form Cl* now accounts for 20% of the products. Within the approximations of the first model, the predicted fraction of Cl atoms from slow CD 3 reagents is 100%; whereas for the second limiting model, this fraction is 81%. Experimentally the slow methyl fragments account for ~76% of the observed Cl products in the CH 3 +HCl reaction and ~92% in the CD 3 +HCl reaction and these values are intermediate between the limiting case models outlined above, but are more consistent with the first We therefore conclude that the total reaction cross-section for the slow and fast CH 3 (or CD 3 ) reaction with HCl are similar, and the greater apparent branching to Cl atom products for the slow subset of CH 3 (or CD 3 ) reagents is largely a consequence of the faster radicals being more likely to undergo non-adiabatic reaction to form Cl*.
As noted previously [44] , it is unlikely that non-adiabatic reaction proceeds only via reaction of the fast channel, but instead flux from both the lower and higher collision energy regimes will couple to the excited state potential energy surface (PES) correlating to CH 4 +Cl* products. The non-Born-Oppenheimer couplings are mediated by the nuclear kinetic energy, and become more significant for higher collision energies. Our data from this and prior studies, suggest that at the high collision energies for reactions of both the fast and slow subsets of CH 3 (CD 3 ) radicals, the probability of formation of Cl* atoms is greater for the fast CH 3 (CD 3 ) radicals: we can now estimate that the reactivity of the fast methyl fragments to give Cl* is about 7 times greater than for the slow methyl fragments for both the CH 3 +HCl and CD 3 +HCl reactions. This estimate accounts for the difference in branching into the fast and slow methyl reagents in the photoinitiation step, but assumes the total overall reactivity of the fast and slow methyl radicals with HCl is equal, despite differences in the vibrational content of the methyl radicals (see section 2), and that the DCSs are identical. This latter assumption means that the value for relative reactivity to form Cl* is likely to be an upper estimate. The analysis would be made more robust by velocity map imaging of the scattering of Cl* reaction products.
Unfortunately, low signal-to-noise levels mean that these non-adiabatic products have not yet been observed in our dual-beam VMI experiments. Further investigation of the reactivity of the fast and slow methyl fragments via the electronically nonadiabatic channel therefore remains a future objective.
Conclusions
The application of dual beam and velocity map imaging methodologies to the study of the dynamics of reactions of CH 3 and CD 3 radicals with HCl has enabled separation of the contributions to reactions of two different speed groups of methyl radicals.
These two speed groups arise from the 266-nm photodissociation of CH 3 I or CD 3 I to generate the methyl radical reagents. The relative reactivities of the slower radicals for the production of Cl( 2 P 3/2 ) products are greater than for the faster radicals by a factor of ~1.5 for the CH 3 Kitsopoulos and coworkers using the dual beam method in a different apparatus did not require the type of correction to the angular scattering distribution reported here [31, 33] .
Image analysis is further complicated by the bimodal speed distribution of the CH 3 (or CD 3 ) radicals from the UV photolysis of methyl iodide. The distributions of collision energies for the reactions of CH 3 or CD 3 with HCl are thus also bimodal, and the faster and slower groups of methyl radicals give rise to two distinct but overlapping Newton diagrams for the scattering of the reaction products, centred about two different positions (and thus speeds) in the velocity mapped images. Direct image inversion to obtain speed and angular scattering distributions was thus not possible, and to deconvolute the overlapping scattering distributions, a forward simulation of the images was employed based on trial product speed and angular scattering distributions. Nevertheless, the analysis procedure allowed estimates of the distributions of f t and the differential cross sections for the electronically adiabatic channels of these benchmark radical reactions.
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